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Abstract  
Heart valve dysfunction is a significant cause of morbidity and mortality around the world. Sustainability of the 
artificial heart valves such as either mechanical or biological (homo-graft, xeno-graft) is not proved yet. 
Requirement for anti-coagulation medication and calcification within a short time are the major defects of artificial 
valves which may lead to re-replacement of the valve. Whereas, the bio prosthetic valves are not currently useful in 
clinical application, so, the valve sparing surgery with shorter convalescence and economical aspect can be the best 
alternative for valvular disease treatment. This research attempts to model the geometric dimension of aortic heart 
valve through a complex calculation. The objective of this research is to define the parameters such as angle 
between leaflets and valve base (resp. leaflet and wall of the valve) in close (resp. open) position of the valve and 
also the angle of leaflet free-edge in open position which are hardly measurable in reality. These parameters can be 
used for calculating the required dimensions of the valves’ leaflet according to the other dimension of the valve for a 
successful sparing surgery. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and Peer-review under responsibility of the Scientific Committee of MIMEC2015. 
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1. Introduction 
The aortic valve is one of the four valves in mammalian heart. A normal aortic valve is located in the left 
ventricle which composes of three moving flaps called leaflets (cusps). The aortic valve is responsible to distribute 
the Oxygenate blood to the body through the aorta. The heart valves leaflets synchronically open and close 
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approximately 4 million times a year and more than 3 billion times during the life [1-3]. During the heart systole, the 
left ventricle pressure rises above the aorta pressure, so the aortic valve opens and allowing the blood to exist in 
aorta. When the systole ends, the pressure of the ventricle quickly drops and the aorta pressure makes the valves to 
be closed [4]. The leaflets are attached inside a cylinder which is called aortic root. The valves leaflets are 
responsible to come together in the center during the closing step of cardiac cycle to prevent the regurgitation, 
flowing back the ejected blood from aorta to the ventricle. It is recognized that examine the aortic heart valves 
(AHV’s) geometries is a highly effective factor, particularly for manufacturing the tissue engineering heart valves 
and valve sparing surgery [5, 6]. 
One of the most common dysfunction of the heart valves can be translated into the valves leakage. The valves 
leakage can be due to the inappropriate dimension of leaflets which are not able to cover each other appropriately to 
prevent the regurgitation [7]. Furukawa et al. [8] demonstrated the leakage in the aortic valve due to the dilation of 
valve root when the leaflets are too small to close the valves. Furthermore, the angle of the leaflets with the walls in 
open position of the valves is completely effective in desirable function of valve to transfer the blood through the 
heart. Valve sparing surgery is an optional case for curing the valvular problem. In the valve sparing surgery the 
defected leaflet would be changed with a new one and there is no need to replace the valve completely. This method 
will have resulted in prolonged response compare to the artificial valve replacement and is totally economical and 
sustainable. The main problem in valve sparing surgery is recognizing the proper dimension of the leaflet to be 
compatible with the other leaflets to prevent from either leakage or prolapsed. 
Recently the precise studies of heart valve geometry and particularly the leaflets have received considerable 
attention prior to design the tissue engineering scaffold for heart valves. A series of parameters such as leaflet 
dimension to guarantee the proper sealing, valve high-to-diameter ratio to minimize the dead space and proper 
flexibility and rigidity of cusps to make the use of energy as effective as possible should be considered prior to 
design a valve to optimize the performance [9]. 
Previously, Swanson & Clark [10] investigated the geometrical relationships and dimensions of the human aortic 
valve. Salgo et al. [11] reported the annulus shape and leaflet curvature on leaflet stress. They assumed a linear 
behavior for the leaflets. Einstein et al. [12] developed the Kunzelman geometric model with the finite element 
model to analyze the valve structure and dimension. Almost all the previous study of aortic heart valves dimension 
is related to the general dimension of the leaflets and the angles measurement to modeling valves are totally missed 
in all of them. 
In this study, the objective is to simulate the aortic valves via a complex model to describe how much the 
dimension of aortic valves can vary while still maintaining desirable function. The apparent dimensions which are 
measurable and usually common between the normal adult human valves such as diameter of the valve’s base (Db), 
diameter of the commissures (Dc), valve height (H), leaflets free-edge length (Lf) and leaflet height (Lh) are 
considered as input. Accordingly, the variable such as coaptation height in the center of valves (Ch), angle of the 
open (respectively. closed) leaflets α (resp. β) and angle of the free-edge leaflet in the open position (γ) are 
calculated to optimize the valves function. Fig. 1 illustrates the mentioned parameters of the valve. 
 
Fig. 1: schematic of trileaflet aortic valve 
2. Method 
2.1 Model Hypothesis 
Simulating the complex structures such as heart valves need to be simplify prior to modeling. It this case some 
assumptions are applied to the model to make it simple. First, it is assumed that the valves cusps have identical 
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characteristics in dimensions and mechanical properties. Second, the leaflets lie at 120◦ from each other in the 3D 
circle plate. Third, it is assumed that the top and bottom of the cylinder that valve is inside of it (aortic root) are 
parallel. The final and noticeable hypothesis in modeling the valve is to consider that the valves component’s 
dimensions are not changed significantly during the cardiac cycle. 
2.2 Measuring the Dimension of Human Aortic Valves 
Here, due to the lack of access to the normal human aortic heart valves, the used data for the dimensions of 
human aortic valves are based on what Labross et al. [13], reported in his work. He utilized silicone rubber molds at 
80 mmHg pressure of 10 adult aortic roots cast with no previous valvular disease, with the valves in closed position. 
The basement diameter, commissures diameter and sinus height were measured directly from the mold, while the 
leaflets length and leaflets height were measure after cutting the leaflets from the root. Additionally, four more data 
were added to data set base on what Swanson and Clark [10] reported for the aortic valves dimensions. 
2.3 Modeling and Design Principles 
The aortic valves leaflets are modeled in both open and close position in order to make sure that the leaflets in 
open position with desirable parameters can close properly. In closed position the away surface (fibrosa) which is 
composed of the parallel, dense collagen, is called load-bearing surface [14, 15]. Two decisive experimental 
observations can be used as design principles for load-bearing surface; (1) in both open and closed position it is near 
the cylindrical root of valve (2) the attachment line of the leaflets with the root works as a reflection for the surface. 
Fig. 2 illustrates these two principles clearly. 
The apparent dimensions of aortic heart valves can be translated into six nonlinear equations [13]. These 
developed equations were put into Maple software for further analysis. With the help of these six equations the 
secondary parameters of the aortic valve will be defined. Fig. 2 depicts the secondary parameters. These data will 
help the complete definition of the valves modeling. 
 
Fig.2: schematic of a single leaflet in both open (transparent) and closed (shaded) position. 
In the open position the free-edge length of leaflet (ܮ௙ሻ covers a circular arc which lies in a plate at the angle of γ 
to the base plate. So, according to the equation 1 the (ܮ௙ሻ is in relation with the ܴ௖ and p; 
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Where, p represents the middle point of the arc of commissures diameter, Rc is the radius of the commissures which 
is calculated as; Rc=Dc/2 and also Rb=Db/2. 
According to the circular symmetry of the valve, the distance between two vertexes of the valves leaflets in open 
position isξ͵ܴ௖. With measuring the Lf and ܴ௖dimension, and equation1 the p can be calculated numerically, and 
the radius for the arc which is covered by the free-edge length is calculated as equation 2; 
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Furthermore, the middle point (Z) in the arc of free-edge length must be in a particular distance from the base of 
the valve to form a cylindrical shape when the valve is in open position. In a rectangular coordinates rule (x, y, z) 
centered at the base of the valve. The coordinates of the Z are 1( cos , 0, sin ) 2 c z zR X H XJ J  . 
Where, the ܺ௭is calculated as; 
zX R p                                                                                                                                                            (3) 
By considering that the Z should lie on a circle with the radius of ܮ௛ with the center of point B with coordinates 
of ሺܴ௕ǡ Ͳǡ Ͳሻ at the lowest location of the leaflets attachment line.  The angle of γ can be calculated after some 
derivations as follow; 
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As the last steps in the open position of valve leaflets the angle of α is expressed as follow; 
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In the other hand, in closed position of the valve, it is visible that the free-edge length would be divided into two 
equal straight lines on the center of valve. The height of leaflet ሺܮ௙ሻ covers the sum of the commissures and the 
load-bearing area length which are represented as the following equations; 
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2.4 Geometric Testing Experience 
The previous experiences in designing the valves were used to confine the different valves parameters. To 
prevent the oddly shape of valve which cause inauspicious blood flow in both upward and downward direction due 
to an excessive conical shape, it was decided to keep the base and commissures diameter at 4 mm. According to 
Thubrikar [15], to prevent the similar problem the angle α of the open position of valves must be kept within -5◦ to 
13◦ to prevent of hitting with the wall of aortic cylindrical root. The experience in human and porcine aortic valves 
shows that the minimum coaptation height (Ch) must be 3 mm to ensure effective sealing of valve. Swanson and 
Clark [10] reported the valve height must be set as a function of commissures diameter; H=Dc×0.7 mm. The angle β 
of close leaflets to the basal plane is about 20◦ in normal human aortic valve. This angle is really important 
parameter for either appropriate sealing during the close position to prevent of leakage or prolapsed of leaflets. The 
previous measurements and observation indicates that the angle β must be kept less than 30◦ and greater than 20◦. 
3. Results and Discussion 
3.1. Normal Valves Dimensions 
The documented measurements of 10 normal valves by Labrosse et al. [13], plus four more data from Swanson 
and Clark [10] work, provided the required data for this research. Table 1 tabulated the measured dimensions of the 
valves. The primary dimensions such as leaflet free-edge length, commissures diameter, valve height, base diameter, 
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leaflet height were measured. The lower and upper dimensions are varied by േ3 mm for the free-edge length, valve 
height and commissures diameter around mean value of 31.04, 22.12, and 23.82 respectively. The leaflets height 
was mostly consistent at 14.61േ2 mm while the base diameter was 24.91േ1.5 mm. 
Table 1: normal human aortic valves Dimensions (mm) at 80mm Hg pressure 
No. Free-edge Length Commissures 
Diameter 
Valve Height Base Diameter Leaflet Height 
1 30.2 24.3 22.0 25.4 12.8 
2 29.8 22.2 21.0 27.0 12.8 
3 30.4 23.4 24.0 23.6 13.0 
4 30.9 23.6 20.5 24.0 13.3 
5 28.9 21.9 22.0 23.0 12.5 
6 31.7 23.1 24.0 26.0 13.8 
7 31.5 22.8 21.5 24.5 13.4 
8 32.8 24.0 23.0 26.5 14.5 
9 33.1 21.9 21.5 24.5 13.4 
10 28.7 21.7 21.0 24.0 13.7 
11 26.2 21.4 17.6 22.6 15.8 
12 35.4 28.9 26.8 26.0 18.7 
13 32.0 24.3 21.1 26.7 18.7 
14 33.0 30.1 23.8 25.0 18.2 
Avg. 31.04 23.82 22.12 24.91 14.61 
3.2. Programming  
The Maple© software version 18.0 was used for analyzing the data. Definitely, a novel approach is proposed to 
modify the geometric model for the dimensional of aortic heart valve. The input parameters for the software are Rb, 
Rc, Lf, Lh and H, where the output variables are the angles of α, β, γ and Xz, as well as the p and R for internal 
computation.  
3.3. Data Analysis 
The results indicate that when the valves cusps are in open position the maximum amount of α should be less 
than 14◦ to prevent of disturbing the blood flow direction, in the other hand the minimum angle should not be less 
than -5◦ to avoid the leaflets hinder with the cylindrical walls. So the range of the angle α, is defined as -5◦<α<14◦. 
The β which represents the angle between the leaflets root with the base in closed position must be less than 41◦ to 
do the sealing effectively and prevent of blood flowing back to the heart. Furthermore, the clinical observations for 
the angle greater than 30◦ show that the leaflets cannot cover each other completely and leakage happened during the 
heart cycling. In the other hand, with the β less than 30◦, the risk of leaflets prolapsed which lead to leakage may 
increase.  The γ which indicates the angle between the leaflet free-edge with the horizontal line in open position was 
calculated to be something within 5◦ to 10◦. In conclusion with this result for the γ, the previous hypothesis about the 
parallel top and bottom of the valve is rejected, but the angle is insignificant and changes are not expected in the 
other results. The coaptation height (ܥ௛) is around mean value of 3േ0.2 mm. Through the equations the secondary 
parameters were defined. With the help of known secondary parameters and some other information of the patients’ 
valve which are measurable during the cardiac cycling such as commissures diameter, height and base diameter, the 
equations can be utilized to predict the proper dimensions of the valve such as the free-edge leaflet length or height.  
4. Conclusion 
In this research, a geometric model was developed for measuring the aortic valves dimension. The calculated 
parameters can be used for the valves sparing surgery as well as modeling the heart valves function. The provided 
information in this research is particularly necessary for the finite element model of aortic heart valve. Measuring 
the mentioned parameters is almost impossible during the cardiac cycling. So, a series of calculation were designed 
to measure these required information. During the valve sparing surgery with the mentioned calculation and some 
information about the valves dimension the required and proper dimension of the leaflets such as height and length 
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can be predicted to obtain desirable results after the operation. Performing the finite element analysis of heart valve 
can be useful for the purpose of designing the heart valves tissue engineering. Finally, it can be concluded that the 
either in open or closed position of the valves the blood pressure and systolic pressure can influence the valves 
components dimension which are not included in this study. The angle between basement and the leaflet root in 
close position is important to prevent of forming a hole or prolapsed the leaflets. 
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